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INTRODUCTION 
Extensive research and development sponsored by the U.S. DOE/PETC over the past 
two decades has resu l ted  i n  dramatic improvements i n  the q u a l i t y  o f  d i r e c t  coal 
1 i que fac t i on  products. H igh -qua l i t y  coal -der ived d i s t i l l a t e s  are obtainable from 
c a t a l y t i c  two-stage 1 i que fac t i on  (TSL) processes, such as those developed a t  the 
Wi l sonv i l l e ,  AL p i l o t  p l a n t  and the Hydrocarbon Technologies Inc.  (HTI) p i l o t  
p l a n t  and bench un i t s .  The products o f  the W i l s o n v i l l e  and HTI TSL operations 
are s u i t a b l e  as h igh q u a l i t y  feedstocks f o r  producing t ranspor ta t i on  fue l s  i n  a 
r e f i n e r y .  These products have important q u a l i t y  advantages over crude petroleum: 
they are d i s t i l l a t e s  b o i l i n g  below about 700'F and are thus v i r t u a l l y  f r e e  o f  
r e s i d  a n d , p t a l s ,  and they have very low s u l f u r  contents and low n i t rogen 

. contents. The coal l i q u i d s  have carbon and hydrogen contents and Watson 
cha rac te r i za t i on  f a c t o r s  w i t h i n  the range o f  crude petroleums.'-3 However, 
r e l a t i v e  t o  crude petroleum, the crude coal products have elevated oxygen 
contents"'". A1 though these oxygenated species are found a t  elevated concentra- 
t i o n s  throughout the b o i l i n g  range o f  the coal l i q u i d s ,  they are most f requent ly  
concentrated i n  the heavy naphtha and l i g h t  kerosene f r a c t i o n s .  For example, 
when the  oxygen content o f  coal  l i q u i d s  i s  p l o t t e d  as a func t i on  o f  b o i l i n g  
po in t ,  there i s  o f t e n  a maximum i n  the curve between 355 'F and 465 'F (F igure 1 
and References 1, 2, and 4). 

Phenolic&compounds are the  predominant oxygen-containing components i n  the  coal 
l i q u i d s ;  the curve maximum represents phenols w i t h  zero t o  three a l k y l  carbon 
subst i tuents .  Phenolic compounds must be reduced t o  low concentrat ions t o  
produce f i n i shed  t ranspor ta t i on  fue ls .  I n  a t y p i c a l  modern petroleum r e f i n i n g  
scheme, t h i s  would be accomplished by hydrot reat ing.  However, because coal  
l i q u i d s  have h igh concentrat ions o f  phenolics, i t  may be advantageous t o  reduce 
t h e i r  concentrat ion p r i o r  t o  hyd ro t rea t i ng  by some other  route,  f o r  example, by 
caus t i c  ex t rac t i on .  Although caus t i c  washing could not  rep lace hyd ro t rea t i ng  t o  
produce f i n i s h e d  f u e l s  from the o i l s  described here, t h i s  route f o r  pre-removal 
o f  phenols could have several advantages over hyd ro t rea t i ng  the  phenol ic  
conta in ing o i l s :  i t  would reduce the ove ra l l  hydrogen demand, i t  could produce 
a valuable by-product ( c r e s y l i c  ac id ) ,  and i t  would simultaneously s t r i p  from the 
o i l  mercaptans and hydrogen s u l f i d e  i n  add i t i on  t o  the phenolics. Indeed, 
caust ic  washing was once a common u n i t  operation i n  petroleum r e f i n e r i e s  because 
o f  i t s  a b i l i t y  t o  sweeten l i g h t   distillate^.^ The c r e s y l i c  ac id  c t u l d  be so ld 
as a by-product o r  perhaps methylated t o  produce methyl a r y l  ethers, which could 
be used as a h igh octane oxygenate gasol ine extender. Presented here are r e s u l t s  
o f  experiments conducted t o  recover a c r e s y l i c  ac id  by-product from crude coal 
l i qu ids ,  wh i l e  simultaneously improving the q u a l i t y  o f  the l i q u i d .  The q u a l i t y  
improvement i n  the coal  l i q u i d  and the cha rac te r i za t i on  o f  t h e  by-product 
c resy l i cs  are discussed. 

EXPERIMENTAL 
The ne t  products o f  three l i q u e f a c t i o n  runs t h a t  represent va r ia t i ons  o f  s ta te-  
o f - t h e - a r t  technology were character ized i n  d e t a i l .  The three samples were 
generated a t  the Wi l sonv i l l e  6 ton/day p i l o t  p l a n t  (Run 260D) and the  HTI 2 l b / h r  
bench u n i t  (Runs CC-15 and CMSL-2), as described i n  Table 1. The character-  
i z a t i o n  scheme inc luded f r a c t i o n a l  d i s t i l l a t i o n  and analys is  and inspec t i on  o f  
the f r a c t i o n s .  Some o f  t he  d i s t i l l a t i o n  f r a c t i o n s  were caust ic  washed t o  remove 
phenolics and the recovered r a f f i n a t e  and caus t i c  ex t rac t  f r a c t i o n s  were a lso 
characterized. The exact caus t i c  washing procedure used va r ied  among the 
samples; however, t he  general scheme was t o  contact  the o i l  i n  a separatory 
funnel m u l t i p l e  t imes w i t h  NaOH ( e i t h e r  20 w t  % o r  6 w t  % so lu t i ons )  then w i t h  
water, t o  a c i d i f y  the ex t rac t  w i t h  concentrated aqueous HC1, then t o  e x t r a c t  the 
phenols w i t h  methylene ch lo r i de  and t o  remove the methylene c h l o r i d e  by r o t a r y  
evaporation. Ra f f i na te  and caus t i c  ex t rac t  y i e l d s  are determined g rav ime t r i -  
c a l l y .  Some losses resu l ted  from evaporation and handl ing du r ing  the ex t rac t i on  
scheme. The complete backgrounds o f  the samples, d e t a i l s  o f  a l l  experimental 
methods and cha rac te r i za t i on  data appear i n  the o r i g i n a l  repo r t s  o f  t h i s  
Phenolic -OH,oconcentrations were determined by Four ier - t ransform i n f r a r e d  
spectroscopy. The caus t i c  e x t r a c t s  a lso were character ized by gas chroma- 
tography/mass spectrometry (GC/MS) w i t h  a HP 5970 system equipped w i t h  a 30 m x 
0.25 m DE-5 column (0.25 p m  f i l m  thickness) as fo l lows:  20 ps ig  He c a r r i e r  gas; 
s p l i t l e s s  i n j e c t i o n  as 1% so lu t i ons  i n  THF; i n j e c t i o n  p o r t  a t  300 'C; column 
temperature program - 5 min a t  35 'C, t o  100 'C a t  35 'C/min, t o  320 'C a t  
4 'C/min; scan from 45 t o  300 amu; spectra searched against the Wiley/NBS mass 
spect ra l  l i b r a r y ;  i d e n t i f i c a t i o n s  based on search r e s u l t s  and supplemented by 
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r e t e n t i o n  times; normalized q u a n t i t a t i o n  i s  based on peak area d i v i d e d  by t o t a l  
peak area o f  a l l  phenol ics found. 

The oxygen contents, determined by dif ference, of the  d i s t i l l a t i o n  f rac t ions  of 
the th ree  crude coal  l i q u i d s  are p l o t t e d  i n  Figure 1 as a f u n c t i o n  of the  mid 
b o i l i n g  po in t  of the  f rac t ion .  Two o f  the  th ree  curves show maxima between 355 
and 465 'F. Mater ia l  i n  t h i s  b o i l i n g  range tends t o  have r e l a t i v e l y  h igh  
concentrat ions o f  phenol ic compounds. For example, Table 2 shows t h a t  the  380- 
510 'F f r a c t i o n  has the  highest phenol ic -OH concentrat ion o f  the  f o u r  
d i s t i l l a t i o n  f r a c t i o n s  o f  the  W i l s o n v i l l e  Run 260D sample. 

The f ract ions of the  W i l s o n v i l l e  Run 260D sample t h a t  were caus t ic  washed inc lude 
the naphtha (IBP-380 O F ) ,  j e t  o r  kerosene (380-510 ' F ) ,  diesel ,  f u e l  (510-650 O F ) ,  

and residuum (650 'F+) f rac t ions .  Table 2 shows the  y i e l d s  o f  r a f f i n a t e  and 
ex t rac t  from each e x t r a c t i o n  and t h e  phenol ic -OH concentrat ion i n  each f r a c t i o n .  
The phenolic -OH concentrat ions (Table 2) o f  the  r a f f i n a t e s  show t h a t  caus t ic  
washing was q u i t e  e f f e c t i v e  a t  removing phenol ics from the  f r a c t i o n s  b o i l i n g  
below 510 'F. I n  fac t ,  f o r  these r a f f i n a t e s ,  phenol ic -OH was near o r  below 
detect ion l i m i t s .  Caustic washing was not very e f f e c t i v e  f o r  the  higher b o i l i n g  
f rac t ions .  Not on ly  was caus t ic  washing l e s s  e f f e c t i v e  f o r  the  higher b o i l i n g  
f rac t ions ,  i t  was a lso  l e s s  se lec t ive ;  GC/MS analyses showed t h a t  the  caus t ic  
ex t rac ts  o f  the  higher b o i l i n g  f r a c t i o n s  were contaminated w i t h  hydrocarbons. 
For t h i s  reason, and because the  highest concentrat ion o f  phenol ics tend t o  e x i s t  
i n  f ract ions t h a t  b o i l  between 355 and 465 ' F  (F igure 1 and References 1, 2 ,  
and 4), on ly  the  naphtha (IBP-380 'F) and kerosene (380-510 'F) f r a c t i o n s  o f  the  
HTI Run CC-15 sample and the  "swing cut"  (350-400 'F )  f r a c t i o n  o f  the  HTI Run 
CMSL-2 sample were caus t ic  washed. The r a f f i n a t e s  o f  the  f r a c t i o n s  from HTI Runs 
CC-15 and CMSL-2 were character ized by the  same se t  o f  inspec t ion  t e s t s  as the  
o r i g i n a l ,  unextracted f rac t ions .  The caus t ic  e x t r a c t s  o f  t h e  f r a c t i o n s  from a l l  
three runs were character ized by GC/MS analys is  and phenol ic -OH determination. 

The caus t ic  e x t r a c t  y i e l d s  range from 1.1 t o  4.6% and losses (100% - y i e l d  o f  
ra f f ina te  - y i e l d  o f  ex t rac t )  range from 0.1 t o  4.7%. The v a r i a t i o n s  r e s u l t  from 
the  d i f f e r e n t  p roper t ies  o f  the  f rac t ions ,  and perhaps from t h e  use o f  d i f f e r e n t  
caus t ic  washing procedures. 

Table 3 compares t h e  inspec t ion  data o f  the  r a f f i n a t e s  w i t h  the  corresponding 
data o f  o r i g i n a l ,  unextracted f rac t ions .  For the  IBP-380 'F f r a c t i o n  o f  Run CC- 
15, the  lower Reid vapor pressure o f  the  r a f f i n a t e  appears t o  r e s u l t  from the  
loss  of l i g h t  mater ia l  dur ing  the  caus t ic  wash. Proper t ies  o f  t h a t  f r a c t i o n  t h a t  
showed improvement from caus t ic  washing inc lude a c i d i t y ,  copper s t r i p  corrosion, 
ex is ten t  gum, bromine number, bas ic  n i t rogen,  ox ida t ion  s t a b i l i t y ,  heat o f  
combustion, and mercaptan s u l f u r .  The q u a l i t y  o f  the  f r a c t i o n  i n  terms o f  i t s  
s u i t a b i l i t y  as gasol ine are somewhat improved r e l a t i v e  t o  the  unextracted 
f rac t ion .  The major improvements i n  the  380-510 'F f r a c t i o n  o f  Run CC-15 from 
caus t ic  washing inc lude a c i d i t y  and mercaptan s u l f u r .  Other improvements inc lude 
oxygen (by d i f f . ) ,  v i s c o s i t y  and bromine number. 

For the  350-400 'F f r a c t i o n  o f  HTI Run CMSL-2, the  proper ty  which showed the  
greatest  improvement from caus t ic  washing i s  the  mercaptan s u l f u r  content. Many 
other p roper t ies  (e.g., bromine number, a c i d i t y ,  oxygen by d i f f . )  show some 
changes t h a t  i n d i c a t e  the  r a f f i n a t e  i s  a b e t t e r  stock f o r  product ion o f  
t ranspor ta t ion  fue ls .  The ox ida t ion  s t a b i l i t y  decreased; t h i s  may r e s u l t  from 
the  removal of hindered phenols, which are known t o  ac t  as ant iox idants .  
However, the  opposi te e f f e c t  was seen w i t h  the  IBP-380 'F f r a c t i o n  o f  HTI Run CC- 
15, as discussed above. 

The major components o f  the  caus t ic  ext racts ,  as determined by GC/MS analys is ,  
are provided i n  Table 4. Although the  ex t rac ts  o f  the  higher b o i l i n g  f r a c t i o n s  
contained some hydrocarbons, each caus t ic  ex t rac t  consisted p r i m a r i l y  o f  
phenolics. The h igh  measured phenol ic -OH concentrat ions o f  the  caus t ic  ex t rac ts  
(Table 2) conf i rm t h i s .  Depending on the  b o i l i n g  p o i n t  o f  the  f r a c t i o n  
extracted, the  caus t ic  ex t rac ts  cons is t  o f  phenols w i t h  zero t o  f o u r  a l k y l  
subst i tuents .  

SUMMARY 
Caustic washing was found t o  be h i g h l y  e f f i c i e n t  and h i g h l y  s e l e c t i v e  f o r  the  
ex t rac t ion  o f  phenol ics from the  l i g h t  d i s t i l l a t e  f r a c t i o n s  (b.pt. <Si0 O F )  of 
the  products of modern two-stage d i r e c t  coal 1 iquefac t ion  products. The ex t rac ts  
were composed almost e n t i r e l y  o f  phenolics and the lower b o i l i n g  r a f f i n a t e s  were 
almost devoid o f  phenolics. The proper t ies o f  the  r a f f i n a t e s  as feedstocks o r  
blendstocks f o r  t ranspor ta t ion  fue ls  were moderately improved r e l a t i v e  t o  the  
unextracted mater ia ls .  Notable improvements inc luded reduced a c i d i t y ,  mercaptan 
su l fu r ,  oxygen (by d i f f . )  and copper corrosion; other minor improvements a lso 
were seen. The composit ion of the  caus t ic  ex t rac ts  ( c r e s y l i c  ac ids)  depends on 
the  b o i l i n g  p o i n t  of the  mater ia l  ext racted,  but  p r i m a r i l y  consists o f  phenols 
w i t h  zero t o  f o u r  a l k y l  subs t i tuents .  

DISCUSSION 
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PlenWRun 

Wilaonvills 260D 
Hn CC15 
Wn CMSL-2 

TABLE 1. SOURCE DATA OF COAL LIQUID SAMPLES 

h o c w  Duacrlpllon 

ReactOT 
Feed Coal Soam Operating Mode catalvn Temp., r 

Wyodak and Andemon CatalyticlThermal Shell 324/Fe203 7 m m 4  
Wyodak and Andenon ThsrrnaVCalalytic Fq?OJ/Shell317 eQJr775 

Illinois No. 8 Calalytic/Catalytic Shell 317/Shell 317 752-777Re5.811 

92.7 
94.7 
94.4 
95.4 
97.9 

TABLE 2. YIELDS AN0 PHENOLIC -OH CONCENTRATIONS OF FRACTIONS 

3.7 
3.6 
4.6 
1.9 
2.0 

Fractlon 

95.4 

Wlleonvllle Run 280D 
lBPjS0 'F 
380510°F 
510650°F 
650 OFt -Trial 1 
650 OF+ .Trial 2 
Kn Run CC15 
I B P W  'F 
380510'F 
HTI Run CMSL-2 
EO400 'F 1.1 

Welds, wt Y of Feed Fraaion 
Phenollc -OH Consemratlcm. 

Feed Oil 

0.40 
0.92 
0.52 
0.41 
0.41 

0.13(b) 
0.24(b) 

k) 

meg/p Sample 

(a) Q u a n t i t a t i o n  i s  unce r ta in  a t  these extremely low concent ra t ions  
(b) Amine s igna l  probably c o n t r i b u t i n g  t o  repo r ted  pheno l ic  -OH concent ra t ions  
(c)  Amine observed, no pheno l ic  -OH detec ted  
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TABLE 3. INSPECTIONS OF ORIGINAL AND RAFFIAHTE FRACTIONS 

R W  

Spsc. 6 o ~  
API QnvW (okulafed) 
Ekmantal W s b .  wt 96 

a n  -1) 

W I u r  (D3120) 
Nbogen (D9629) 
Oxygen (bv dm 
&io Nbogen (uOp269) 

- h l o .  Cst 

Hydwen (D529i) 

Msrcaptsn suhr  (wz??). ppm 

@ 210 "F 
8.205: 

RBtraouVo Index (01218). Q 20 'C 
Freezing Point (02386). 'F 
Cloud Point (D25m). 'F 
Pour Point (097). "F 

Flaah Poim (Ea. m). "c 
Qroup An*. (ASTM D5134 (L HCp) 

Reld Vapor Prsssvrs (D5191). psi 

PSraffiM. VOI % 
Naphlhenar. voI % 
Aromatics. "01% 
Olefins. vol % 
Bsnzane (PIANO. mod 05134) 
Nwhlhalenea (01840), voi % 

Bromine Number (011%) 
Aniline Point (0611). r 
Smoke Point (OlZ?), mm 
Acidity (03242). mg KOWg 
Copwr Corrosion (0130) 
Existent Gum (0381). mu100 mL 

Oaane No., Motor Method (02700) 

Hest d Cornbudon (Dns2. 0240). 

Oxidstion Stability (D525). min 
Thermal Stability (JFTOT) (03341) 

Oclane No.. Raroh M a h d  (D2699) 

Nst 6Wib 
Luminometer Number (01740) 

f'' 

Wglnal 

0.7798 
50.0 

85.93 
13.96 
0.03 
0.09 
0.00 

0.082 
51.5 

1.42882 

2.54 

38.0 
45.7 
8.7 
4.6 

0.089 

3.62 
103.8 

0.05 
3b(dark) 

11.2 
105 

60.7 
61.6 

18.509 

I 

0.7775 
50.5 

86.12 
13.77 
0.03 
0.07 
0.01 

0.054 
9.7 

1.42836 

2.09 

34.7 
48.8 
9.2 
4.2 

0.078 

2.37 
105.0 

<0.01 

9.0 
1440 

58.1 
60.2 

18.651 

2d(mod) 

- 

CC-15 

t B 0 5 f O ' F  

original 

0.8899 
27.5 

67.12 

0.03 
0.33 
0.75 

0.274 
45.2 

- 

11.77 

10.80 
1.49196 

-1 2 

<0.01 
83 

9.6 
43.1 
41.4 
5.8 

4.23 
5.08 
71.5 
10.9 
0.04 

1 a(slight) 

Fail 

17.918 

- - 

Ramnata 

0.8882 
27.8 

87.75 
11.68 
<O.Ol 

0.33 
0.23 

0,264 
<0.1 

8.665 
1.49072 

.13 

<0.01 
82 

9.1 
46.0 
41.9 

3.0 

3.74 
2.69 
75.2 
11.6 
0.01 

la(alight) 

Fail 

18.043 

TABLE 4. COMPOSITIONS OF CAUSTIC EXTRACTS 

Hn Aun CMSL-2 

uc - 
Wid 

0.8492 
35.1 

86.78 
12.72 
0.01 
0.03 
0.46 

0.023 
19.0 

0.6653 
4.683 

-99 
<bo 
<bo 
0.02 

50 

7.5 
61.3 
28.4 
2.8 

0.48 
3.00 

15.6 
0.01 

la(digh$ 
6.4 

1440 

18,401 

27.3 - - 

0.F 
RLrmMIe 

0.8484 
35.3 

86.88 
13.08 
0.01 
0.02 
0.03 

0 . W  
6.0 

0.6741 
4.359 

-95 
<bo 
Cbo 

<0.01 
57 

8.0 
61.5 
27.8 
2.5 

0.32 
2.71 

15.4 
<0.01 

la(slight) 
6.2 
720 

18.411 

27.0 

GC/MS I n t e n s i t y .  as 'x o f  To ta l  Phenol ic I n t e n s i t y  
(No. o f  Resolved Peaks i n  Parentheses) I I W i l s o n v i l l e  Run 2600 I HTI Ri 

Component 

o-cresol  
m/p-cresol 
dimethyl phenol 
e thy l  phenols 
C,-phenols 
C,-phenols 
indanol 
d i  hydroxytoluene 

IBP- 380- IBP- 
380 'F 510 'F 380 'F 

CC-15 I HTI Run CMSL-2 11 

1.5(1) 
0.4(1) 1.5(1) 

18:(2? - I  
I I 

Only t races  o f  hydrocarbon contaminants found i n  IBP-380 'F e x t r a c t s .  
Some hydrocarbon contaminants found i n  others.  

611 



. . . . . . . . . 

. .  . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . 

. .  . . . . . . . . . . . . . . . . . . . . .  

200 250 300 350 400 450 500 550 600 650 700 

Mid Boiling Point of Fraction, O F  

+260D *CC15 *CMSL2 

Figure 1. Oxygen Content (by d i f f . )  versus Mid B o i l i n g  Point 
o f  Coal Liquid f r a c t i o n s .  
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